Three-times ionized xenon Xe IV spectrum in the 1070-6400 Å region was analyzed using a pulsed discharge light source. A set of 163 transitions was classified for the first time, and 36 new energy levels belonging to the 5s 2 5p 2 6d and 5s 2 5p 2 7s even configurations were determined. The relativistic Hartree-Fock method, including core-polarization effects, were used. In these calculations, the electrostatic parameters were optimized by a least-square procedure in order to improve the adjustment to experimental energy levels. We also present a calculation based on a relativistic multiconfigurational Dirac-Fock approach.
Introduction
There is great interest in spectroscopy data of Xenon due to their applications in collision physics, astrophysics, and laser physics. Various atomic parameters, such as energy levels, oscillator strengths, transition probabilities, and radiative lifetimes, have many important astrophysical applications. Transition probabilities are needed for calculating the energy transport through the star in model atmospheres [1] and for direct analysis of stellar chemical compositions [2] . Xenon was observed in chemically peculiar stars [3] and planetary nebulae [4] . The spectrum analysis of planetary nebula NGC7027 by Péquignot and Baluteau [5] has stimulated the calculation of transition probabilities for some forbidden lines of astrophysical interest [6] . The Xe VI and Xe VII lines were observed in the ultraviolet spectrum of the hot DO-type white dwarf RE 0503-289 [7, 8] . In particular, the Xe IV spectrum was detected in the spectrum of NGC 7027 together with a variety of ionic species, providing a unique opportunity to study the chemical composition of the nebula at a level normally unachievable in another emission line nebulae [9, 10] .
Saloman [11] published a revised compilation of energy levels and observed spectral lines of all ionization stages of Xe, referring to studies published to date [12] [13] [14] [15] [16] . Light sources include direct-current hollow cathode discharge, theta-pinch discharge, and pulsed capillary discharge. Most of the information is from two studies: Tauheed et al. [13] classified 114 Xe IV lines in VUV using a modified triggered spark initiated by a xenon gas blast as spectral source, and Gallardo et al. [14] , who analyzed the 5s 2 5p 2 6p, 5s 2 5p 2 4f, 5s5p 4 , 5s 2 5p 2 5d, and 5s 2 5p 2 6s configurations, providing the wavelengths for 618 classified lines in their list, using a capillary discharge as light source.
More recently the study by Raineri et al. [15] reported the weighted oscillator strengths and cancellation factor (CF), calculated from fitted values of the energy parameters of all 769 dipole electric lines belonging to the Xe IV spectrum reported in the compilation [11] , including 49 new classified lines.
Hartree-Fock relativistic (HFR) calculations and parametric fits were used. In addition, the results presented in their study were compared to those from Bertuccelli et al. [16] .
In order to proceed withthe study of the threetimes ionized xenon spectrum, a new spectral analysis of this ion is presented in this paper. New 36 energy levels for 5s 2 5p 2 (6d+7s) configurations and 163 new transitions in the 1070-6400 Å region are reported. The relativistic Hartree-Fock method based on the code of Cowan [17] was used. The energy matrix was calculated using energy parameters adjusted to fit the experimental energy levels. Core polarization effects were taken into account in our calculations [18] . We also present a multiconfigurational relativistic approach for the Dirac equation (MCDF), by using the general relativistic atomic structure package (GRASP) [19] .
Experimental Methods
The spectral source used in this study is based on the pulsed discharge tube built at the Centro de Investigaciones Opticas to study highly ionized noble gases [20] . It consists of a Pyrex tube of about 100 cm with inner diameter of 0.5 cm. The electrodes, placed 80 cm apart, are made of tungsten covered with indium to avoid the impurities coming from the electrodes. The gas excitation was produced by discharging a bank of low-inductance capacitors ranging from 20 to 280 nF, charged with voltages up to 20 kV. The VUV region of the spectrum was recorded using a 3m normal incidence spectrograph equipped with 1200 lines/mm concave diffraction grating and with a plate factor of 2.77 Å/mm in the first diffraction order. Internal wavelength standards are from C, N, O, and known lines of xenon. The wavelength range above 2000 Å was recorded using a 3.4 m Ebert plane-grating spectrograph with 600 lines/mm and a plate factor of 5 Å/mm in the first diffraction order. Thorium lines from an electrodeless discharge were superimposed on the spectrograms and served as reference lines. A photoelectric semiautomatic Grant comparator was used to measure the spectrograms. The uncertainty of the wavelength values of lines was estimated to be correct to ±0.01Å above 2000 Å and ±0.02 Å in the VUV region.
Results and Discussion
In this study, we used the modified version of Cowan's atomic calculation package [17] , described in our paper [18] , for the inclusion of the polarization potentials as a modification in the Hartree-Fock equations. In addition, we considered the corrections of the reduced matrix element used in our previous papers [21] , which is the same modification used by Quinet et al. [22] to correct transition matrix elements when including CP and core penetration effects. These methods demand knowledge on the polarizability andcore cut-off radius. The value of α d for Xe IV core, that is, for Xe 8+ is given by Koch [23] in 0.81130 a 0 3 and the rc value in 1.16 a 0 , defines the boundaries of the atomic core.
We adjusted the values of energy parameters to the experimental energy levels of the Xe IV through a least-squares calculation. With the adjusted values, we calculated the composition of the 5s 2 5p 2 (6d+7s) energy levels presented in Table 1 , where we included lifetimes calculated using HFR and HFR+CP with adjusted energy parameters (here named HFRa and HFR+CPa, respectively) and using multiconfigurational Dirac Fock (MCDF). The MCDF approach was carried out with the extended average level assuming a uniform charge distribution in the nucleus, with a xenon atomic weight of 131.3. The values presented in this work for lifetimes in the MCDF calculation are in Babushkin gauge since this one, in the non-relativistic limits (length), has been found to be the most stable value in many situations, in the sense that it converges smoothly as more correlation is included [24] . In the analysis of spectroscopic data, we take into account isoelectronic trends, Ritz combinations, least-squares adjustment, and relative line intensities in order to identify 36 energy levels belonging to 5s 2 5p 2 (6d+7s) configurations for the first time.
As for the isoelectronic sequence calculations used to produce the plots for observed minus calculated ("obs.-calc.") trends along the six first elements of the Sb sequence, we used the configurations 5s 2 5p 3 , 5s 2 5p 2 4f, 5s 2 5p 2 6p, 5s5p 3 6s, 5s5p 3 7s, 5s5p 3 5d, 5s5p 3 6d, 5p 5 for odd parity and 5s5p 4 , 5s 2 5p 2 5d, 5s5p 3 5f, 5s 2 5p 2 5g, 5s 2 5p 2 6s, 5s 2 5p 2 6d, 5s 2 5p 2 7s for even parity. The calculations included core polarization effects (HFR+CP), with the values of α d and rc taken from Table 2 .
It must be noted that we implemented the modifications suggested by Kramida [25, 26] to correct an error in Cowan's package in order to perform the calculations presented here. [28] . Our analysis is synthesized in Figures 1-3 . Surely the LS coupling scheme is not the most appropriate to describe the 6d and 7s configurations, which we concluded after glancing over configuration purities; intermediate couplings provide better descriptions for these levels. We observed a strong eigenvector mixing for all elements studied. However, most of the isoelectronic data available for comparisons are described in the LS scheme, and that was the reason why we chose it.
There is no absolute scale for experimental intensity and therefore we only test its proportionality with the theoretical intensity. We do not include corrections due to the variation of plate reflectivity as a function of wavelength-there is no precise model for this. Our criterion for statistical correlation is to obtain a positive value as close as possible to the unit. Therefore, having a good statistical correlation supports our analysis, but it is just one of the analysis criteria.
The formula I ∝ σgA from Cowan's book [17] , page 403, tells us that line intensity is proportional to wavenumber σ and weighted transition probability. We analyzed the statistical correlation of the logarithm related to this quantity with the experimental line intensities, which is a visual estimate of the plate blackening (hence the logarithm), obtaining 0.20 for the array 6p − 6d, 0.32 for 6p − 7s, and 0.34 for 4 f − 6d. These values were acquired by the HFR+CPa calculation, which is close to HFRa and much better thanab initioHFR and HFR+CP calculations. We also performed a MCDF calculation for gA values. Its agreement with the experimental line intensity shows a poor correlation when compared with HFRa and HFR+CPa for log(σgA), that is, 0.06 for the 6p − 6d line array, 0.14 for 6p − 7s, and 0.18 for 4 f − 6d. It is important to note that our MCDF calculations were performed using a non-current version of the GRASP code where more configurations could not be included. By using a newer version of Grasp codes it would be possible to expand the number of configurations to get better results, which could be more competitive to HFRa and HFR + CPa methods
To understand thesignificance of these values, we compared our values of gA with the experimental values that are in the paper by Bertuccelli et al. [16] . Similarly to them, only 25% of our gA values (HFR+CPa) are within the experimental error. However, a statistical correlation of 0.94 indicates that our values are very linearly proportional to their experiment. When considering the same lines of [16] , but substituting their experimental gA values by our estimates for line intensity, correlation with HFR+CPa log(σgA) results in 0.33 for the 6s − 6p line array, 0.48 for 5d − 6p, and 0.50 for 5d − 4 f . Therefore, we can conclude that the calculated σ gA values support our line classification with reasonable agreement.
It is important to note that in this spectral analysis all new levels but two are classified on the basis of two or more lines. The level 4 F 5/2 is a classification attempt based on the only possible line in our spectrograms at 1801.53 Å, a transition with 4f: 4 G 5/2 , the strongest spontaneous emission from this level. However, this value does not fit the isoelectronic "obs.-calc." curve. We remove this problem by switching the positions of levels 6d: 4 P 5/2 and 6d: 4 F 5/2 for Xe IV in the isoelectronic analysis. An intense mixing for 6d: 4 P 5/2 , 4 D 5/2 , and 4 F 5/2 makes the components for the eigenvectors exchange their intensity along with the four first elements, and our choice grouped the energy of the respective multiplets.
Due to similar reasons, we also switched 4 D 5/2 and 4 P 5/2 energy levels for Te III and I III in the respective isoelectronic sequences.
The other level that only has one observed transition is ( 1 S)6d: 2 D 3/2 that we confirm by our isoelectronic analysis and considering the good agreement in the least squares fit calculation.
There is not much data available for isoelectronic analysis. The lack of information on Cesium and the composition mixing makes level designation a challenge. However, the isoelectronic sequences agree reasonably well with our designations. Table 3 shows 163 Xe IV lines classified for the first time for transitions involving 5s 2 5p 2 (6d+7s) energy levels. We also calculated the weighted transition probability rate gA, where g is the statistical weight 2J+1 of the upper level. We presented gA values obtained from the four methods studied: With and without optimized parameters obtained from least-squares calculations, and with and without core polarization effects for wavefunctions and reduced matrix elements calculations.In these methods, we used the same configuration sets as in [15] , that is, 5s 2 5p 3 , 5 2 5p 2 (4f+6p), 5s 5p 3 5d, 5p 5 and 5s5p 4 , 5s 2 5p 2 (6s+7s+5d+6d) configurations for odd and even parities, respectively. Table 4 shows the result of least squares adjustment for even parity levels, where 6d and 7s configurations are included.All single configuration parameters, the R k integrals for 5s5p 4 -5s 2 5p 2 6s, 5s5p 4 -5s 2 5p 2 5d, 5s 2 5p 2 6s -5s 2 5p 2 5d interactions, and the R 1 (5p,5d;6d,5p)of the 5s 2 5p 2 5d -5s 2 5p 2 6d interaction were left free during the final calculation. The rest of the configuration interaction integrals remained fixed at 85% of their Hartree-Fock values. We found a standard deviation of 138 cm -1 for this adjustment. Table 4 shows the result of least squares adjustment for even parity levels, where 6d and 7s configurations are included. All single configuration parameters, the R k integrals for 5s5p 4 -5s 2 5p 2 6s, 5s5p 4 -5s 2 5p 2 5d, 5s 2 5p 2 6s-5s 2 5p 2 5d interactions, and the R 1 (5p,5d;6d,5p)of the 5s 2 5p 2 5d-5s 2 5p 2 6d interaction were left free during the final calculation. The rest of the configuration interaction integrals remained fixed at 85% of their Hartree-Fock values. We found a standard deviation of 138 cm −1 for this adjustment. 
Conclusions
In this study we extended the knowledge of the Xe IV spectrum to the 5s 2 5p 2 7s and 5s 2 5p 2 6d configuration, from a set of 163 new line classifications. To produce this new information, we used a set of different analysis tools, including calculations from three models (HFR, HFR+CP, and MCDF), least-squares adjustment, line intensity comparisons, and isoelectronic analysis, which makes us very confident in our results.
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